Earlier crystallographic refinements of naphthalene and anthracene against X-ray data recorded at five and six temperatures, respectively, have been repeated with atomic charge-deformation parameters transferred from a low-temperature study of perylene. Inclusion of these parameters causes the inplane molecular translation amplitudes to decrease, and those normal to the plane to increase, with respect to values obtained with the spherical-atom model. The revised translation tensors are systematically smaller than those predicted by published lattice-dynamical calculations but the librations agree somewhat better. Their temperature dependence shows no anomalous behavior and accords qualitatively with the simplified model of
Introduction
In fitting a set of model parameters to experimental data, as in crystal structure refinement, it is often advantageous to reduce the flexibility of the model by fixing those parameters that are better known, from theory or previous experiments, than they can be determined from the observed data. Thus, for macromolecular structures yielding low-resolution X-ray data, it is routine to simplify the structural t Deceased, 20 May 1991. model by constraining bond lengths and angles or fixing the geometry of such groups as phenyl substituents. Even the use of atomic scattering factors calculated for spherical atoms constitutes such a simplification. This practice has the great advantage that the structure factors can be calculated by summation over the atoms, with a few parameters per atom, rather than by integration over the electron density. However, it is well known that the sphericalatom approximation may produce severe systematic errors in the refined atomic parameters (Ruysink & Vos, 1974; Hirshfeld, 1976) . A powerful way to eliminate such errors is to refine electron deformation (multipole) parameters together with the atomic coordinates and displacement parameters (Stewart, 1976; Hansen & Coppens, 1978; Hirshfeld, 1991) , but such a refinement requires highly accurate and extensive X-ray data. What if the data available are inadequate for such a treatment? One possibility is to set the deformation parameters at their most likely values, estimated either from theoretical electron density distributions or from multipole analyses of chemically related molecules.
The present study is an initial attempt in this direction. Its specific aim is to improve the temperature-dependent anisotropic displacement parameters (ADP's) of naphthalene between 92 and 239 K and of anthracene between 94 and 295 K that were derived by conventional least-squares analyses from X-ray data of moderate resolution (Brock & 0108-7681/91/050789-09503.00 © 1991 International Union of Crystallography Dunitz, 1982 . For this purpose we have introduced atomic multipole parameters transferred from a study of perylene based on much more extensive diffraction data (Hirshfeld, Hope & Rabinovich, to be published -hereafter HHR) . These data, recorded at 83 K and extending to a reciprocal radius Hma× = 2-52 A-~, have led to a detailed map of the chargedeformation density of perylene. We hoped that, because of the close chemical relation of perylene to naphthalene and, less directly, to anthracene, the results of the perylene study might be used to model both their deformation densities.
Transferred deformation densities
Given the static deformation density of perylene, we can imagine several options for simulating a corresponding density for naphthalene. We could, for example, select the deformation density above the plane bisecting (approximately) the C(1)--C(10), C(3)--C(8), and C(5)--C(6) bonds of perylene (see Fig. 1 for atom numbering) and reflect it across this plane to complete a simulated molecule of naphthalene. Alternatively, we might divide the perylene deformation density into atomic fragments, for example via the stockholder partitioning recipe (Hirshfeld, 1977a; Eisenstein, 1988) , assemble the fragments corresponding to half the perylene molecule, replacing those assigned to the tertiary carbon atoms C(7) and C(9) by reflected copies of the diatomic fragments C(4)--H(4) and C(2)--H(2), and finally average the deformation densities of C(I) and C(10), of C(3) and C(8), and of C(5) and C(6). Either of these procedures would produce a more or less acceptable model deformation density for naphthalene, but in a form that would not readily serve our particular purpose. We prefer that the deformation density be expressed as a sum of atomic terms amenable to analytic Fourier transformation, so as to provide modified non-spherical atomic scattering factors for use in our crystallographic refinements. The experimentally derived perylene deformation density (HHR) is in just such a form, having been obtained via the refinement program LSEXP (Hirshfeld, 1977b) , which treats the static molecular deformation density as a sum of atom-centered fragments, each expanded in a basis of analytic functions p;.k(r) having the general form, expressed in local polar coordinates, pi,k(r, 0k) = r ~ exp ( -a,r) cos" Ok.
Our plan, therefore, was to extract such atomcentered fragments from the perylene study and use them to model the naphthalene and anthracene deformation densities, so permitting the refinement of these structures with the same LSEXP program. A drawback of the atomic fragments from the LSEXP refinement is that they are poorly defined and less compactly localized than those provided by the stockholder recipe. In perylene they carry net charges ranging from -0.53 to +0.59 e, as against values between -0.09 and +0.08 e from the stockholder partitioning of the same deformation density. However, a slight modification of the perylene refinement permitted the derivation of reasonably transferable fragments for the construction of simulated deformation densities of the target molecules.
Although the perylene molecule occupies a general position in its crystal, HHR had imposed on their model deformation density the mmm symmetry of the free molecule. Thus, with regard to its static deformation density, the effective asymmetric unit comprised just one six-membered ring, in which atomic fragments C(1), C(2), C(9) and C(10) had local symmetry m (reflection in a local fit to the mean molecular plane) while atoms C(3) and C(8) had mm symmetry. All H atoms were assigned identical deformation densities with mm local symmetry. We adapted this model to our problem by imposing further constraints appropriate to the molecular symmetry of naphthalene and anthracene. Thus the deformation densities of atoms C(1) and C(10) and those of atoms C(3) and C(8) were each made identical in corresponding orientations. The perylene refinement was accordingly repeated with four, rather than six, independent types of carbon fragment plus one type of hydrogen. By reducing in this way the number of adjustable parameters, we hoped to remove some of the arbitrariness in the definition of the atomic fragments without unduly impairing their ability to model the deformation density of perylene.
One further change was required to assure that this refinement of the perylene deformation density would yield electrically neutral models of naphtha-lene and anthracene. For naphthalene the net charge of the C(9) fragment was constrained to equal the sum of the net charges of the C(2) and H fragments that would replace it in the formal conversion of half a molecule of perylene into a molecule of naphthalene. For anthracene, an analogous constraint was imposed, allowing for the further replication of the fragment C(2)--H, after symmetrization, in the 4 and 4' positions of anthracene. Thus, two separate but similar refinements were performed against the perylene X-ray data to provide deformation param- eters for transfer to the naphthalene and anthracene structures, respectively. In these refinements only the deformation parameters were adjusted, all other parameters being fixed at the values obtained by HHR with their more flexible model. With only 95 variable parameters, as against 134 deformation parameters plus a scale factor and 216 atomic coordinates and displacement parameters refined by HHR, the weighted discrepancy factor wR(F 2) rose from 0.0262 to 0.0274 in each case. This modest increase suggests that our additional constraints had, as hoped, simply eliminated some near-redundancy in the original model without severely compromising its flexibility. The resulting static deformation density for perylene (Fig. 2 , from the naphthalene model; the anthracene model gave a virtually indistinguishable map) is very similar to that of HHR, differing from it most conspicuously in the symmetric appearance of the peaks in the C( I )--C(10) and C(3)--C(8) bonds. The slight asymmetry in these regions found by HHR, whether or not it is significant in perylene, is quite irrelevant for naphthalene and anthracene. The fragment charges from the new refinements (Table 1 
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were in the range -0.25 to + 0.49 e for naphthalene, -0.25 to + 0.39 e for anthracene. Complete expansions of the transferred atomic fragments are given in Supplementary Tables S1 and $2.* Fig. 3 shows the deformation densities constructed from these fragments in the mean molecular planes of naphthalene and anthracene. While they do not represent the most accurate deformation densities that could be produced for these molecules, they surely provide a major improvement on the spherical-atom model and should allow the derivation of more reliable atomic displacement parameters than were obtained previously.
New naphthalene and anthracene refinements
The present set of refinements used all recorded reflections, up to H .... = 1.3/k 1, including those with negative net intensities. An isotropic extinction correction increased the largest values of F,, by ca 3% for all data sets except the anthracene data at 295 K, where the largest correction approached 8%. (Extinction in the anthracene crystal decreased sharply on cooling from 295 to 259 K but showed no systematic variation with further cooling.) Refinement was on F 2. with variances (reciprocal weights) estimated as the sum of a Poisson term, for counting statistics, plus (pF2) 2, with p = 0.03 for naphthalene, 0.02 for anthracene.
In the earlier studies (Brock & Dunitz, 1982 ) the anisotropic displacement parameters U s/of the carbon atoms were refined independently; after subtraction of calculated contributions from internal molecular vibrations, the adjusted ADP's were used for the derivation of molecular rigid-body translation and libration tensors T and L via the program THM (Trueblood, 1978) . For the present study this procedure was reversed. In the LSEXP refinements, the internal-mode contributions to the ADP's of all atoms, including hydrogen, were added to the meansquare amplitudes derived from the variable molecular T and L tensors, whose components were refined directly, along with the atomic coordinates, against the diffraction data. This constraint on the ADP's reduced the number of independent parameters from 62 to 40 for the naphthalene refinement, from 84 to 49 for anthracene. Both methods assume the same separability of internal and lattice vibrations, which is probably valid for naphthalene and not too severe an approximation for anthracene, whose internal and external frequencies overlap slightly (Criado, Table 4 .
A verage libration-corrected bond lengths (]~)
1.080 (61 1989). In fact the two methods are nearly equivalent, provided the weight matrix for the rigid-body fit is based on the full covariance matrix of the ADP's, as derived from the unconstrained refinement (see Pawley, 1972) . Otherwise, e.g. if the rigid-body program accepts only a diagonal weight matrix, constrained retinement is to be preferred as providing more reliable estimates of the molecular T ° and L;j components and of their standard deviations. On the other hand, this one-stage refinement of the molecular vibration parameters deprives us of the opportunity to examine the independent ADP's for evidence of any incompatibility with our vibration model. For both structures, however, the ADP's from the earlier studies (Brock & Dunitz, 1982 had already been shown to fit the rigid-body model, within their estimated accuracy, with or without correction for the internal vibrations. Summary data on the new refinements for naphthalene and anthracene are presented in Tables 2 and  3, (14) 1956 (26) 158 (17) each hydrogen to comprise a combination of molecular libration plus a riding motion on its attached carbon. The average libration-corrected lengths of the chemically independent bonds are listed in Table  4 . In computing these averages, the corrected bond lengths have been weighted by the inverse variances of the corresponding uncorrected distances (Tables $5, $6), but the standard deviations in Table 4 
Molecular vibration tensors
Tables 5 and 6 present the derived T ° and L~/parameters, referred both to the crystal axes and to the molecular inertial axes* (Fig. 1) ting them in the out-of-plane direction. The changes in the libration components are less significant, relative to their estimated standard deviations, but are still largely systematic. The temperature dependence of the Ti~(moi) and L;;(mol) components is plotted in Figs. 4 and 5. For ease of comparison, the range of each of these plots extends from 0 to 0-69 times the corresponding melting temperature T,,. At corresponding reduced temperatures T/T,,,, anthracene has appreciably larger translation amplitudes but mainly smaller librations than naphthalene. Each vibration component is seen to increase smoothly with temperature, with a scatter that is consistent with its estimated standard deviations (Tables 5, 6 ). The libration L~(mol) of anthracene about its long molecular axis, which had earlier appeared to behave somewhat irregularly (Brock & Dunitz, 1990) , still shows the largest deviations from a smooth temperature variation, but these are no greater than would be expected from its relatively poor experimental precision.
Comparison with lattice dynamics
Lattice-dynamical calculations for naphthalene and anthracene, and their perdeuterated analogs, have been reported by several authors (e.g. Pawley, 1967; Filippini, Gramaciolli, Simonetta & Suffritti, 1973; Bokhenkov, Rodina, Sheka & Natkaniec, 1978; Vovelle, Chedin & Dumas, 1978; Natkaniec et al., 1980; Dorner et al., 1982) . Among the calculated vibration tensors pertinent to the temperature ranges covered by our experimental studies are the results on anthracene by Pawley (1967) at 300 K and by Vovelle et al. (1978) , by Gramaccioli & Filippini (1983) , and by Criado (1989) at 290 K, as well as the latter's results for naphthalene at 92 K. Also, Vovelle et al. (1978) have plotted the calculated temperature dependence of L;;(mol) ~2 in naphthalene and listed both Tii(mol) I 2 and L;,(mol) ~ 2 for anthracene at 95 and 290 K. Their results agree remarkably well with the experimental curves in Figs. 4(b) and 5(b) except for the long-axis libration L~ in anthracene, which they calculate well above our experimental curve.
For an overall comparison of the calculated and observed vibration amplitudes, Table 7 lists the traces of the molecular T and L tensors from these several calculations together with the values, at the same or nearby temperatures, from our X-ray studies. The X-ray results yield much smaller values of Tr(T) than any of the calculations; the agreement for Tr(L) is somewhat better. The disagreement in the mean-square translation amplitudes may be partly attributed to our failure to correct for thermal diffuse scattering, which causes a systematic underestimation of the crystallographically determined (1978) ; (c) Gramaccioli & Filippini (1983) ; (d) Criado (1989) ; (e) Brock & Dunitz (1982 ). atomic vibration amplitudes (Harada & Sakata, 1974) . However, this unlikely to account for the total discrepancy, especially at 92 K. Whatever the cause of the large and systematic disagreement in the translation amplitudes, it seems to affect the libration tensors much less. Table 7 presents the libration components from several of the lattice-dynamical calculations on anthracene, referred to the molecular axes, tot d~rect comparison with our X-ray results at 295 K (Table 6 ). [In transforming the components reported by Gramaccioli & Filippini (1983) to the molecular coordinate system, we have used the rotation matrix derived from our experimental structure at 295 K.] The only major disagreement between the calculated and experimental tensor components concerns, again, the libration about the long molecular axis. Quantitatively, our experimental L tensor agrees best with the older calculations of Pawley (1967) . These were based on the atom-atom potentials of Kitaigorodsky (1966) , while the later studies used potential set IV of Williams (1967) .
A similar comparison with the libration components reported by Criado (1989) , for both structures, is hampered by the difficulty in identifying the coordinate axes to which these components are referred.
For a molecule librating in a harmonic potential with effective frequency u; about each of its inertial axes, the mean-square libration amplitudes, in radians 2, are
where/, is the inertial moment about axis i. This is the form taken by equation (5) of Cruickshank (1956b) with equal frequencies for the in-phase and (Suzuki et al., 1968) out-of-phase librations of the two molecules in the unit cell about each axis. Given the observed L;,(mol) at any temperature 7", we can solve for the effective frequency t,,. The frequencies so calculated decrease almost linearly with increasing temperature, as envisioned by Cruickshank (1956b) . In fact the smooth curves in Figs 
whose parameters u;(0) and a; are listed, with their estimated standard deviations and correlation coefficient, in Table 8 . The quality of the fits may be gauged from the overall goodness-of-fit S for each structure, defined by
S 2 : 2, r[AL,,(T)]2/(n -p).
For naphthalene (with n = 15 observations fitted by p = 6 parameters) S = 1-05; for anthracene (n = 18, p = 6) S = 1.09. The fitted frequencies are, however, systematically lower by up to 30% than the Raman frequencies cited by Cruickshank or than the more extensive frequency data of Suzuki, Yokoyama & Ito (1968) (Table 8 ). Correcting our diffraction data for thermal diffuse scattering would likely increase this discrepancy. The probable explanation, as demonstrated by Pawley (1967) and by Vovelle et al. (1978) , lies in the appreciable dispersion of the lattice frequencies with varying wavevector k. The major contributions to the mean-square libration amplitudes L, come from regions of the Brillouin zone with frequencies u~ much lower than those observed at k = 0. This conclusion is supported by the latticedynamical calculations of Gramaccioli & Filippini (1983) and of Criado (1989) . Substituting, for example, the ax and bg (in-phase and out-of-phase libration) frequencies at k = 0 for non-rigid anthracene at 290 K from the former authors' Supplementary Table 2 (a) into Cruickshank's equation (5), we obtain a value for Tr(L) of 20.9 deg 2, as cornpared with their calculated value of 36.8 deg 2 (Table  7) . Nevertheless, the Cruickshank approximation serves very well for predicting the variation of the mean-square libration amplitudes with temperature, as indicated by the fit of the experimental L/i(mol) to the smooth curves in Figs. 4(b) and 5(b) and by the qualitative agreement of the temperature dependence of the corresponding libration frequencies with that of the Raman frequencies measured by Suzuki et al. (1968) .
Concluding remarks
A method has been devised for transferring experimentally derived deformation densities between chemically related molecules so as to avoid much of the systematic error in structural parameters arising from the use of the spherical-atom model in crystallographic refinements. The method may prove applicable to other situations where the X-ray data are not adequate, in accuracy and resolution, to permit a reliable deformation-density refinement. Introduction of such simulated deformation densities produces systematic changes in the atomic displacement parameters that tend to oppose the effect of the deformation density near the atomic centers.
The revised displacement parameters in anthracene show no significant evidence for an anomalous temperature variation in the libration amplitude about the long molecular axis.
The experimentally derived molecular translation amplitudes are systematically smaller than those predicted by lattice-dynamical calculations, to a degree that probably cannot be fully explained by the effect of thermal diffuse scattering. The libration amplitudes show appreciably better agreement with the calculations.
The approximation of Cruickshank (1956b) , if combined with the spectroscopically observable lattice frequencies, severely underestimates the libration amplitudes. However, it predicts quite well their approximate temperature dependence.
Whether our use of transferred deformation densities has actually led to improved values of the atomic ADP's cannot be answered with complete confidence at present as there are other sources of error whose effects cannot be quantitatively assessed. We do not know the true values of the ADP's and the latticedynamical values may not be too reliable a guide.
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